The adsorption of mercury(II) from aqueous solutions onto an activated carbon derived from Eichhornia crassipes (AEC) was investigated under varying conditions of agitation time, metal ion concentration, adsorbent dose and pH to assess the kinetic and equilibrium parameters. Adsorption equilibrium was attained in 200, 310, 360 and 360 min for 10, 20, 30 and 40 mg/l Hg(II) concentrations. The first-and second-order adsorption rate constants were calculated and the experimental equilibrium adsorption capacities (q e ) for different initial Hg(II) concentrations were reported. Adsorption was dependent on the solution pH, the Hg(II) concentration, the carbon concentration and the contact time. Both the Freundlich and Langmuir adsorption isotherm models fitted the experimental data well. The adsorption capacity was found to be 28.4 mg/g at pH 5 for a particle size of 125-180 µm. The adsorption capacity of the carbon produced met commercial conditions and was found to be superior to that of many other adsorbents. The percentage removal increased as the pH value of the solution was increased from 2 to 5 and then remained constant up to a pH value of 10. Desorption studies were performed with dilute hydrochloric acid and potassium iodide (KI) solutions.
INTRODUCTION
Heavy metals are continually released into the aquatic environment from natural processes such as volcanic activity and the weathering of rocks (Mason 1981) . Other than this, the tremendous increase in the use of heavy metals in recent years has resulted in an increased flux of metallic substances into the aquatic environment. Environmental pollution by heavy metals became widely recognized only after the Minamata disaster in Japan. Between 1953 and 1960 , several thousand people suffered mercury poisoning from eating fish caught in Minamata Bay, which was receiving mercury released from a vinyl chloride plant. The industries mainly responsible for the dispersion of mercury are chloralkali, paint, pulp and paper, oil refining, electrical, rubber processing and fertilizer (Namasivayam and Periasamy 1993; Kapoor and Viraraghavan 1994) . Another common mercury hazard is its use in dental practice. The burning of fossil fuels and ores also constitutes a significant source of mercury in the environment . Since the addition of mercury to natural water bodies through industrial waste discharge causes serious environmental disruption, strict wastewater standards have been set up in many countries. Thus, for example, the American Waterworks Association (AWWA) proposed a drinking water limit of 5 ppb (Sigworth and Smith 1972; Humenick and Schnoor 1974) . However, according to the USEPA, the permissible limit of mercury in wastewaters is nil and according to the Bureau of Indian Standards (BIS) it is 0.01 mg/l (Coupal and Labancette 1976; ISI 1981) . Methylmercury is believed to inhibit enzymatic activity in the cerebellum, a region responsible for neuron growth in early developmental stages (WHO 1991) and chronic exposure to mercury leads to mental retardation. Clinically observable effects on adults occur at a blood level of 0.2-0.5 mg/kg or at concentrations in hair as low as 15-20 µg/kg (Piotrowski and Inskip 1984) . Hence, it is necessary to remove Hg(II) from wastewaters before its transport and cycling into the environment.
The general treatment methods employed for removing mercury from industrial wastewaters include sulphide precipitation, ion exchange, alum and iron coagulation, activated carbon adsorption, electrodeposition, ultrafiltration and various biological processes. Activated carbon adsorption has been widely used in the removal of heavy metals from aqueous solution. However, commercially available activated carbons are highly expensive and therefore require regeneration and re-activation procedures. Hence, there is a need to produce low-cost, disposable activated carbon that can be applied to pollution control on a use-and-throw-away basis (Streat et al. 1995) . Modified chitosan (Krishnan et al. 1988 ), modified cellulose (Navarro et al. 1996 , rice straw (Friedman and Waiss 1972), Parthenium carbon , coconut tree sawdust carbon (Selvi et al. 2001) , distillery industry sludge (Kadirvelu et al. 2004 ), coir pith carbon , chemically modified cotton (Roberts and Rowland 1973), rice hull and dyestuff-treated rice hull (Suemitsu et al. 1986 ), waste rubber (Knocke and Hemhill 1981), granular activated carbon (Huang and Blarikenship 1984) , waste newsprint (Aoyama et al. 2000) and fly ash (Kapoor and Viraraghavan 1994) have all been investigated as alternatives for the removal of Hg(II) from wastewaters.
The present study explores the possibilities of utilizing the aquatic plant Eichhornia crassipes as a potential carbon source for the removal of mercury from aqueous solutions. It is an inexpensive material and can be applied on a use-and-throw-away basis. It does not require regeneration and is therefore free from such problems. Water hyacinth is ubiquitous and is therefore a readily available source for activated carbon preparation. We have recently reported the removal of Pb(II) from aqueous solution by activated carbon prepared from Eichhornia crassipes (Shekinah et al. 2002) . Mercury removal using activated carbon prepared from Eichhornia crassipes can be viewed as an effective alternative to conventional methods in wastewater treatment. In the present study, the efficiency of physically activated Eichhornia crassipes carbon (AEC) for mercury removal was assessed. The effect of contact time, adsorbent dosage, pH and adsorbate concentration on mercury removal was studied, as well as desorption.
EXPERIMENTAL

Adsorbent
The aquatic plant Eichhornia crassipes collected from Singanallur Lake in Coimbatore district, Tamil Nadu, India was used as the source of activated carbon. The plant material was cut into small pieces, dried in sunlight until the moisture had partially evaporated and then further dried in a hot air oven for 24 h at 60°C. The completely dry material was packed into an iron vessel and covered with a tight-fitting lid to avoid contact with atmospheric air except for that entrapped within the voids in the material being activated. This arrangement was placed in a muffle furnace and heated at a temperature of 500°C for 1 h. After cooling, the resulting product was removed and ground using a mortar and pestle. It was then sieved, with particles within the range 125-180 µm being used in further studies. The characteristics of the carbon are summarized in Table 1 . All chemicals used were of A.R. grade and all solutions were prepared using doubly distilled water. Control experiments were carried out to correct for any adsorption of Hg(II) on the container walls. No such adsorption was observed.
The metal ion concentration in the adsorbent phase (q e , mg/g) was calculated using the following equation:
(1)
where C 0 and C e are the initial and final concentrations of metal ion in solution (mg/l), V is the volume of the solution (ml) and M is the mass of adsorbent (mg).
Batch adsorption studies
A stock solution containing 1000 mg/l Hg(II) was prepared by dissolving 1.3540 g of mercuric chloride in doubly distilled water acidified with 5 ml conc. HNO 3 to prevent hydrolysis and then made up to 1000 ml. This stock solution was diluted as required to obtain standard solutions containing 10-60 mg/l Hg(II). Batch mode adsorption studies were carried out using 50 mg adsorbent and 50 ml of an Hg(II) solution of the desired concentration adjusted to a pH value of 5 in 100-ml conical flasks which were agitated at 170 rev/min for predetermined time intervals in a mechanical shaker at room temperature (30 ± 2°C). At the end of the agitation time, the adsorbate and adsorbent were separated using a 0.45-µm cellulose acetate filter and estimated spectrophotometrically (Hitachi UV 3210, Tokyo) employing Rhodamine 6G (Ramakrishna et al. 1976) . The effect of the carbon concentration on the percentage removal was studied using Hg(II) concentrations of 20 mg/l and 40 mg/l, respectively. Langmuir isotherm studies were carried out using carbon concentrations within the range 10-60 mg/50 ml solution while maintaining the Hg(II) concentration at 20 mg/l. Freundlich adsorption studies were also undertaken to examine the effect of carbon concentration on the percentage removal. The effect of pH on Hg(II) removal was studied using 50 mg carbon and Hg(II) concentrations of 20 mg/l and 40 mg/l, respectively.
Desorption studies
The Hg(II)-laden carbon was separated by filtration after the adsorption experiment using a 40 mg/l Hg(II) solution and 50 mg carbon. The carbon thus retrieved was washed gently with doubly distilled water to remove any unadsorbed Hg(II) ions entrapped between the carbon particles and those Hg(II) ions sitting on the carbon surface. Desorption studies were then undertaken using such carbon samples by agitating them with 50 ml HCl of various molar strengths (0.025-0.175 M). Because desorption using HCl was somewhat limited, desorption studies were also carried out using KI solution of various concentrations (0.5-2.0%). The desorbed metal ions in the solution were separated by filtration and analyzed as above.
Removal of Hg(II) from synthetic wastewater
Since it was very difficult to obtain Hg(II)-containing wastewater, synthetic wastewater containing Hg(II) was prepared using literature methods ). This was adjusted to different pH values and agitated with 50 mg carbon for 6 h. The effect of carbon concentration was studied by taking 50 ml of the synthetic wastewater (pH = 5), adding a known amount of carbon and agitating the resulting mixture for 6 h. After such agitation, the sample was filtered and the filtrate was analyzed as above.
RESULTS AND DISCUSSION
Effect of agitation time and initial Hg(II) concentration on adsorption
To evaluate the adsorption characteristics of the carbon produced towards heavy metal ions, the change in adsorption rate with time was studied for the removal of different initial Hg(II) concentrations ( Figure 1 ). The data depicted in the figure show that Hg(II) adsorption increased with increasing agitation time, with equilibrium being attained within 200, 310, 360 and 360 min for initial Hg(II) concentrations of 10, 20, 30 and 40 mg/l, respectively. No appreciable increase in adsorption was observed beyond this time. However, the increase in the adsorption rate over the initial stage decreased as the initial concentration was decreased.
This result was presumably due to the decreased diffusivity of the adsorbate [Hg(II)] across the liquid film formed on the carbon at decreasing initial Hg(II) concentration. Also, the result showed that although the equilibrium adsorption increased with increasing initial concentration, the extent of this increase was not proportional to the initial concentration, e.g. a twofold increase in the initial concentration of Hg(II) did not lead to a doubling of the equilibrium adsorption. The reason for this can be found in the definite surface area of the substrate on which the competitive adsorption of Hg(II) ions occurred.
On the basis of the results depicted in Figure 1 , the contact time was fixed at 6 h for the rest of the batch experiments to ensure that equilibrium had been attained. The equilibrium time for carbonized waste newsprint fibre was 16 h for 100 mg/l Hg(II). This indicates that AEC required a lesser contact time for the complete elimination of Hg(II) from solution compared to activated carbon derived from newsprint fibre and commercial activated carbon (CAC) (Namasivayam and Periasamy 1993; Aoyama et al. 2000) .
Adsorption kinetics
The rate data for Hg(II) adsorption on AEC followed the first-order expression given by Lagergren (1898): (2) where q and q e are the amounts of Hg(II) adsorbed (mg/g carbon) at time t and equilibrium, respectively, and K ads is the rate constant for the adsorption process (1/min). Plots of log 10 (q e -q) versus time for different initial Hg(II) concentrations were linear (Figure 2) , thereby demonstrating the applicability of the above equation. The values of K ads calculated from the slopes of the linear plots for different Hg(II) concentrations are listed in Table 2 . The K ads values were comparable to recently reported values for agriculture-based activated carbons (Namasivayam and Periasamy 1993; Namasivayam and Kadirvelu 1999) .
The calculated first-and second-order adsorption rate constants and experimental equilibrium adsorption capacities (q e ) for different initial Hg(II) concentrations are also listed in Table 2 . The kinetic plots were modelled to allow the initial adsorption coefficients γ [l/(mg min)] (Kadirvelu et al. 2000) to be computed and were found to be 3.75, 4.85, 7.10 and 8.85 for 10, 20, 30 and log log . 40 mg/l Hg(II) concentrations, respectively. The initial adsorption coefficient was calculated using the following equation:
( 3) where t is the time (min), C is the metal ion concentration at time t (mg/l), V is the volume (ml) and m is the mass of carbon (mg). Figure 3 shows the effect of carbon dosage on the adsorption of Hg(II). The figure shows that Hg(II) removal increased with increasing carbon concentration and attained a plateau value when a particular amount of carbon had been added. This effect may be explained in terms of the availability of a greater surface area with a higher number of functional groups on the activated carbon surface at higher carbon concentrations. The data in the figure also show that 1.6 g/l carbon was required to effect the quantitative removal of Hg(II) from 1000 ml of both 20 mg/l and 40 mg/l Hg(II) solutions. Pulido et al. (1998) found that 5 g/l CAC was required to effect the same removal of Hg(II), i.e. ca. three-times greater than that observed with our carbon. This demonstrates the higher efficiency of AEC relative to CAC.
Effect of carbon dosage
Adsorption isotherms
It is very important to have a satisfactory description of the equilibrium state between the two phases in order to successfully represent the dynamic removal of any adsorbate from solution to the solid (carbon) phase. The adsorption isotherm can be defined as a functional expression at constant temperature for the variation in adsorption by an adsorbent as the concentration of adsorbate in the bulk solution varies Shekinah et al. 2002; Namasivayam and Kadirvelu 1999) . Langmuir and Freundlich isotherms are the most commonly used mathematical models for describing adsorption isotherms from aqueous solution under equilibrium conditions and allowing the adsorption capacity of the adsorbent for the adsorbate to be established. The common way of depicting this distribution is to correlate the amount of solute adsorbed/g carbon with the residual solute concentration in the liquid state at equilibrium. The analysis of the adsorption isotherm is important for developing and representing the results accurately for design purposes.
The Langmuir isotherm
The Langmuir isotherm (Langmuir 1918) was applied for the adsorption equilibrium of Hg(II) onto AEC:
(4)
where C e is the equilibrium concentration (mg/l), q e is the amount adsorbed (mg/g), and Q 0 and b are Langmuir constants related to the adsorption capacity and adsorption energy, respectively. The linear plot of C e /q e versus C e depicted in Figure 4 shows that the adsorption of Hg(II) followed the Langmuir isotherm model with a correlation coefficient equal to 0.9986. The values of Q 0 and b calculated from the slope and intercept of the plot were 28.40 mg/g and 1.00032, respectively. The adsorption capacities of other adsorbents for Hg(II) are listed for comparative purposes in Table 3 . The essential characteristics of Langmuir isotherm can be expressed in terms of a dimensionless constant separation factor or equilibrium parameter R L (Lagergren 1898) which is defined by: Kapoor and Viraraghavan (1994) where C 0 is the initial Hg(II) concentration (mg/l) and b is the Langmuir constant (l/mg). According to Hall et al. (1966) , mathematical calculations show that this parameter gives an indication of type of isotherm according to the following:
The R L value obtained in the present case was 0.045 which indicates favourable adsorption of Hg(II) onto AEC.
The Freundlich isotherm
The Freundlich adsorption isotherm model (Periasamy and Namasivayam 1994) was also applied to the adsorption of Hg(II) by AEC:
where C e is the equilibrium concentration (mg/l), X/m is the amount adsorbed (mg/g) at equilibrium, and K f and n are Freundlich constants with n giving an indication of how favourable the adsorption process is and K f (mg/g l/mg) n is the capacity of the adsorbent. The linear plots of log 10 (X/m) versus log 10 C e depicted in Figure 5 show that the adsorption of Hg(II) onto AEC also followed the Freundlich isotherm model. The correlation coefficients were 0.9999 and 0.9799 for 20 mg/l and 40 mg/l concentrations of Hg(II), respectively. The results may be explained in terms of several different types of sites being present on the carbon surface. The values of n and K f were calculated from the slopes and intercepts of the plots depicted in Figure 5 . According to Treybal (1980) , mathematical calculations have shown that values of n between 1 and 10 are representative of favourable adsorption of Hg(II) onto AEC. Those obtained in the present study were 4.0322 and 5.4794 for 20 mg/l and 40 mg/l Hg(II), respectively, indicating favourable adsorption of Hg(II) onto AEC. The values of K f obtained were 13.3782 and 28.2814 for 20 mg/l and 40 mg/l Hg(II), respectively. The values of both n and K f were comparable with those obtained for peanut hull and coir pith carbon (Namasivayam and Periasamy 1993; Lagergren 1898). Figure 6 shows the effect of pH on Hg(II) removal by adsorption and precipitation. The adsorption of Hg(II) depends both upon the nature of the adsorbent surface and the species distribution of Hg(II) in the aqueous solution, which in turn depends upon the pH of the system. In the absence of adsorbent, increasing the pH of the Hg(II) system does not remove the latter by hydrolysis because of the formation of the corresponding chloride, i.e. HgCl + , HgCl 2 , HgCl − 3 and HgCl 2− 4 (Periasamy and Namasivayam 1994). The chloride ion effectively decreases the degree of hydrolysis of the Hg 2+ ion by blocking some of the coordination positions. Thus, from such hydrolysis reactions, it is possible to generate three uncharged Hg(II) species, viz. HgCl 2 , HgClOH and Hg(OH) 2 , all linear and all probably existing in natural water systems. The removal of Hg(II) by AEC was observed over the pH range 2-10. The percentage removal increased with increasing pH (from 2 to 5) and then remained constant up to a pH value of 10. This is typical of cation adsorption by carbon. The effect of pH on the removal of Hg(II) was high with short adsorption edges (three pH units, 3-5). The influence of pH on Hg(II) removal may be explained as follows. Under acidic conditions, both the adsorbent and adsorbate are positively charged (M 2+ and H + ) and hence their interaction is via electrostatic repulsion (Kadirvelu et al. 2001c ). In addition, the higher concentration of H + ions present in the system will compete with the positively charged Hg 2+ ions for the surface adsorbing sites, thereby leading to a decrease in the removal of Hg(II). However, the concentration of H + ions decreases when the pH increases whereas the concentration of Hg 2+ ions remains constant, resulting in an increase in Hg(II) removal.
Effect of pH on Hg(II) adsorption
Since the carbon used in the present study was prepared by thermal activation, functional groups of type C x OH + are assumed to be present on its surface Lagergren 1898; Namasivayam and Kadirvelu 1999) . Thus, when Hg(II) is present in the solution, the following surface complex may be formed:
Namasivayam and Kadirvelu (1999) have reported similar results for Hg(II) adsorption onto coir pith carbon. 
Desorption studies
Desorption studies enable the mechanism of adsorbent regeneration to be ascertained as well as allowing the recovery of Hg(II) from the spent adsorbent. This protects the environment from solid waste disposal problems. Attempts were made to desorb Hg(II) from the metal-loaded carbons using HCl and KI solutions of various strengths as eluants. The results of such studies are presented in Figure 7 . The maximum desorption of Hg(II) with HCl was found to be 15% whilst that with KI was 30%. The higher desorption of Hg(II) effected by iodide was due to the formation of more stable complexes relative to the chloride complex (Cotton and Wilkinson 1972). The relatively low percentage desorption values show that ion exchange did not predominate. They also show the absence of weak attachment bonds between Hg(II) and the adsorbent, i.e. the absence of physisorption. Other mechanisms, viz. chemisorption, may thus be responsible for the adsorption of Hg(II) onto the carbon.
The removal of Hg(II) from synthetic wastewaters using AEC
The composition of the Hg(II)-containing synthetic wastewater employed is shown in Table 4 . The removal of Hg(II) from synthetic wastewaters depends upon the composition, nature and the pH of the system. Increasing the carbon content led to an increase in the percentage removal of Hg(II) from synthetic wastewater. As can be seen from Figure 8(a) , the minimum concentration of carbon necessary for the removal of Hg(II) was 200 mg/50 ml solution. Figure 8(b) shows that the percentage removal of Hg(II) from synthetic wastewater by AEC increased with increasing pH and attained a maximum value of 73% at a pH value of 5.
The experiments conducted on the removal of Hg(II) from synthetic wastewater confirmed the validity of the results obtained from the batch mode studies, i.e. AEC can be used effectively for the removal of Hg(II) from synthetic wastewater.
CONCLUSIONS
The objective of the present work was to study the effectiveness of AEC in the adsorption of Hg(II) from aqueous solution. A comparison was made with results obtained with other non-conventional adsorbents. On the basis of the results obtained, it may be concluded that AEC is an effective adsorbent for the removal of Hg(II) from aqueous solutions. In batch mode studies, the adsorption was dependent on solution pH, the initial Hg(II) concentration and the carbon dosage. The adsorption of Hg(II) followed both first-and second-order kinetic models. The effect of pH on Hg(II) removal was high with short pH adsorption edges (three pH units, 3-5). The adsorption capacity of AEC was 28.40 mg/g at pH 5 for the particle size range 125-180 µm. Both the Freundlich and Langmuir adsorption isotherms could be used to model the adsorption process.
As the plant Eichhornia crassipes is a menacing aquatic weed, using it as a carbon source may be viewed as a weed control strategy. Moreover, it is an inexpensive source and hence its use as an adsorbent could be of significant economical benefit.
